A set of small RNAs known as rasRNAs (repeat-associated small RNAs) have been related to the down-regulation of Transposable Elements (TEs) to safeguard genome integrity. Two key members of the rasRNAs group are piRNAs and endo-siRNAs. We have performed a comparative analysis of piRNAs and endo-siRNAs present in mouse oocytes, spermatozoa and zygotes, identified by deep sequencing and bioinformatic analysis. The detection of piRNAs and endo-siRNAs in spermatozoa and revealed also in zygotes, hints to their potential delivery to oocytes during fertilization. However, a comparative assessment of the three cell types indicates that both piRNAs and endo-siRNAs are mainly maternally inherited. Finally, we have assessed the role of the different rasRNA molecules in connection with amplification processes by way of the "ping-pong cycle". Our results suggest that the ping-pong cycle can act on other rasRNAs, such as tRNA-and rRNA-derived fragments, thus not only being restricted to TEs during gametogenesis.
HIGHLIGHTS
• The expression profiles of rasRNAs are different in oocytes and spermatozoa.
• The major piRNA group found in gametes was derived from tRNA and rRNA processing, suggesting alternative roles of this small RNAs in translation regulation.
• The ping-pong mechanisms of amplification of rasRNAs are not restricted to male gametogenesis and could have an important role in early embryogenesis.
INTRODUCTION
Mammalian genomes contain an abundant number of repeated DNA sequences, more than 50% in humans [1] . Highly repetitive DNA is normally localized in the genome in tandem clusters of multiple copies of untranslated regions, as for example satellite DNA, as well as in clusters of transcribed genes such as histones, ribosomal RNA (rRNAs) or transfer RNAs (tRNAs) [2] [3] . However, a large number of DNA sequence repeats correspond to transposable elements (TEs) categorized in three main groups as long interspersed nuclear elements (LINEs), short interspersed nuclear elements (SINEs) or long terminal repeats (LTRs). Since repetitive DNA regions can be transcribed into RNA molecules, the transcripts from LINEs, SINEs or LTRs can be self-propagated via RNA mediated transposition. TEs have played decisive roles in the evolution of genomes having accumulated in large portions of eukaryotic genomes.
However, their transposition can induce, among other alterations, insertion mutations in proteincoding genes, enhancer or promoter modifications, abnormal chromatin rearrangements and also chromosome breakage [4] .
Maintaining genomic integrity is essential during germ cell formation and subsequently in the early morphogenetic development of multicellular organisms. Mechanisms involved in genome protection evolved to guard from potentially deleterious transcription effects. Some groups of small RNAs, acting through RNA interference, have been related to the posttranscriptional regulation of genes encoded by highly repeated DNA [5] [6] . These repeatassociated small RNAs (rasRNAs) include piRNAs and endo-siRNAs [7] [8] [9] . piRNAs and endosiRNAs are generated by different pathways, yet both can act through RNAi mechanisms that control transposon repression and TE mobility [6, [10] [11] [12] . The interaction between piRNAs/endo-siRNAs and repeat elements of genomes is dual, on the one hand repeat transcripts can be the source of piRNA and endo-siRNA biogenesis, and on the other hand transcripts of repeat elements are targeted by rasRNAs.
In mouse, piRNAs are ≈ 23-32 nt long RNAs that act in association with PIWI proteins:
MILI, MIWI and MIWI2 [13] [14] [15] . The biogenesis of piRNAs is not completely understood, nonetheless, two different generation pathways seem to be involved. The first way comprises the expression of specific areas of the genome encoding large RNA precursor molecules, which subsequently must be cleaved into smaller fragments [16] [17] . The second however is more related to their function. It has been established that piRNAs bind to TEs [18] [19] and that the binding between each piRNA and their TE target RNA takes place at the 5´ end of the piRNA sequence. Upon binding, poorly characterized proteins participate in the cleavage of TE transcripts after nucleotide position 10 at the 5´end of the piRNA binding site. Cleavages generate new piRNAs derived from the RNA of TEs [18] [19] in a process known as the "pingpong model" or "ping-pong cycle" [14, [20] [21] . The ping-pong cycle generates characteristic cleavage specific piRNA sequence signatures [14, 20] in this manner, piRNAs whose targets are the TE transcripts show a bias for uridine at the 5´ end (5U), whereas the piRNA sequences generated from TE cleavage show a bias for nucleotide adenosine at position 10 (10A) [14, 20] .
These characteristics have been conserved in such diverse organisms as the mouse, Drosophila, zebrafish and silkworm [9] [10] [22] [23] .
Mutated PIWI family genes have been related to severe defects in male fertility [24] [25] , on the contrary, female fertility was noticed to be unaffected by PIWI protein inactivation [24] [25] . Female fertility and early development progression seem to be associated to the presence and activity of DICER [26] [27] [28] [29] [30] and AGO2 [31] [32] [33] [34] . These observations have been related to the functions of endogenous small interference RNAs (endo-siRNAs) present in the female germline.
Endo-siRNAs are ≈ 21-24 nt long sequences derived both from sense-antisense transcripts yet mainly proceed from transposon transcripts [6, 18, 35] . Contrary to piRNAs, endo-siRNAs have been determined as specific of the female germline and preimplantation embryos [18, [35] [36] . DICER and AGO2 proteins participate in endo-siRNA biogenesis and silencing activity respectively, while Dicer and Ago2 null mice displayed lethality during early embryogenesis [37] [38] [39] . The regulatory role of endo-siRNA during mammalian gametogenesis is still poorly understood and endo-siRNA inheritance from gametes to embryo has not been clarified yet.
The piRNAs and endo-siRNAs are also known to hold crucial roles in transposon silencing in order to avoid epigenetic disorders that could compromise embryo viability at early developmental stages. In the present study, we have used high throughput sequencing technology to perform a global characterization of piRNA and endo-siRNA sequence populations present in mouse spermatozoa, oocytes and zygotes. Based on the RNA targets of piRNAs and endo-siRNAs we have evaluated their potential roles with regard to gamete differentiation and fertilization. Finally, we have tracked ping-pong cycle events from gametes to early zygote formation.
Our findings, suggest a vital role of maternally inherited piRNAs and endo-siRNAs in connection with the repression of transposons. However, transposable element regulation appears not to be the exclusive role performed by rasRNAs. We have also detected an elevated ratio of piRNAs and endo-siRNAs derived from rRNA or tRNA molecules which could consequently be involved in translation regulatory pathways.
MATERIALS AND METHODS

Animals
All procedures relating to the care and handling of the animals used in the present study, were carried out in the CIB-CSIC bioterium under specific pathogen-free (SPF), temperature (22±1ºC) and humidity-controlled (50-55%) conditions. All animals were housed on a 12h light/dark cycles with ad libitum access to food and water. Animal care and handling was carried out in accordance with the regulations of the Bioethics Committee of the Consejo Superior de Investigaciones Científicas (CSIC) that approved the study, and adhering to the European Commission guidelines.
Spermatozoa collection
Cauda epididymis and vasa deferentia from mature CD-1 males were collected in 500 µl of M2 medium after which adipose tissue and blood vessels were removed. Cleaned structures were placed in a new 200 µl drop of M2 medium covered with mineral oil. Epididymal fluid was squeezed out and sperm was suspended in M2 medium. Concentrations were determined with a Neubauer hemocytometer. The sperm suspension was layered in a 15 ml conical tube on a discontinuous 90%/45% Percoll gradient in a 1:1:1 ratio (cell sample: 45% Percoll: 90% Percoll) and centrifuged at 700 g during 20 min. The bottom pellet was washed in PBS and centrifuged at 350 g during 5 min. In order to entirely remove contaminant cells, a hiposmotic shock was induced by resuspension of spermatozoa in H 2 O-DEPC. Finally, the pellet was resuspended and homogenized in 100 µl of TRIzol ® Reagent (Invitrogen) and frozen at -80ºC until use.
Oocyte and zygote collection
Fully-grown oocytes and zygotes were collected from the oviducts of mice as has been described previously [40] . Briefly, superovulation was induced in 4-5 week old C57BL6 female mice by intraperitoneal injection of 5 IU pregnant mare serum gonadotropin (PMSG), followed 48 hours later by 5 IU of human chorionic gonadotropin (HCG). After HCG administration, female mice were mated with DBA/6J males. Fully-grown oocytes and zygotes were treated with hyaluronidase (300 µg/ml, Sigma H3884) in order to remove cumulus cells by passage through several drops of M2 medium (Sigma M7167 www.illumina.com/support) were followed to prepare the small RNA libraries from total RNA.
Briefly, 3´and 5´adapters were ligated to each RNA molecule existing in total RNA previously isolated from spermatozoa, oocytes and zygotes. After adapter ligations an RT reaction was performed to cDNA synthesis. In order to avoid any bias, the cDNA was PCR amplified using common primers that were designed against adapter sequences. After cDNA amplification, the small RNA fraction was isolated by gel purification. Small RNA fraction was sequenced by high-throughput deep sequencing using an Illumina® Hiseq2000 sequencer.
Data analysis
Adaptor sequences were identified and removed (DNAVision SA, Belgium).
Sequencing using the Illumina platform yielded sequences with a length range of [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] nucleotides. Using bioinformatics approaches we proceeded to classify all the small RNA sequences according to their identity with the annotated small RNA sequences found in public databases. The remaining sequences that had not identity with any small RNA sequence, ncRNA sequence or mRNA sequence were classified as unannotated (see Supplemental Fig.   S5 ). The term "read" will strictly refer to the number of times that any RNA sequence has been detected, the term "sequence" will imply the specific succession of nucleotides sequenced, and the term "tag" will stand for the identifier of the defined element to which each sequence belongs. Therefore, the sum of all reads concerning a defined tag represents its expression value. For example, regarding the sequences: TAAAACTGTATTTGAATTTGGGGC; TAAAACTGTATTTGAATTTGGGGCGA (read twice) and TAAAACTGTATTTGAATTTGGGGCGAGC; this case represents 4 reads and 3 sequences although only 1 tag, the underlying reason being that all these sequences which differ in length were previously identified as the piRNA PIR222563 of the "RNAdb 2.0" [41] [42] [43] . Therefore, the sum of reads represents the expression value of the piRNA PIR222563. In order to compare the tag representation of different samples, we applied the DeSeq tool of the R/Bioconductor software package [44] [45] [46] .
Tags with only one read were excluded from the analysis, while the remaining tags were classified following the pipeline shown in Supplemental Figure S5 , and annotation was undertaken using the Bowtie (0.12.9 release) [47] to align the sequences to the miRBase 19, piRNA database and Deepbase, allowed for up to three mismatches, whereas alignments to the Rfam and ncRNA databases were performed allowing for no mismatches. This permissive alignment was due to the potential editing of double-stranded small RNA precursor molecules [48] [49] . The total number of reads of each sample was different, therefore, in order to compare the reads among different samples, reads were normalized using a negative binomial distribution based method employing the DESeq tool of the R/Bioconductor software package [44] .
Ping-pong analysis
Ping-pong signatures were searched in all sequences classified as piRNAs. Although piRNA biogenesis is not yet fully understood, the ping-pong model could be accepted as a possible process that encompasses self-amplification and produces a recognizable signature.
Overlapping regions between sense and antisense piRNA sequences were observed which presented a perfect match complementarity along the first 10 nucleotides at the 5' end. As detailed in results, we searched for overlapping regions between the sequences that corresponded to the primary piRNA group and the secondary piRNA group. The same type of search was also performed with sequences clustered in groups 5U10A and other. Moreover, an inter and intra sample search was performed, seeking for putative piRNAs in oocytes or spermatozoa that could be the source of amplification rates in zygotes. The results of this quest were classified as match or no match. The complementarity between uncoupled tags (no match) and mRNA was also evaluated using the BLAST aligner program (blastall; -1e -8; -W11) and the cDNA Mus_musculus.NCBIM37.64 database. High throughput sequencing generated several sequences that shared the same seed but differed in length; hence in the alignment against the cDNA Mus_musculus.NCBIM37.64 database we always made use of the longest sequence of each tag.
Data availability
Public data base accessions are provided for all raw datasets and all data obtained as result of ping-pong analysis have been deposited in the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE45983.
RESULTS
Small RNAs expressed in spermatozoa, oocytes and zygotes were size selected (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) from total RNA and sequenced by high-throughput sequencing (Illumina) (see experimental procedures). After removal of the low quality 3´ ends and linker sequences, the analysis of small RNA libraries returned 34,111,418 reads derived from spermatozoa, 53,616,426 reads from oocytes and 53,064,988 reads from zygote samples. These reads corresponded to 2,325,500 unique sequences of spermatozoa, 1,466,161 of oocytes and 1,671,944 of zygotes. Although the total number of reads was lower in spermatozoa than those of oocytes or zygotes, the spermatozoa sample contained a far higher degree of sequence diversity (Table 1 and Supplemental Fig. S1 ).
By means of bioinformatics approaches we were able to classify all the small RNA sequences according to their reference identities retrieved from the public databases. The terms used as "read", "sequence" and "tag" are defined in Material and Methods.
Identification of piRNA and endo-siRNA
The first challenge of the present study was the characterization of small RNAs identified in oocytes, zygotes and spermatozoa into miRNAs, piRNAs and endo-siRNAs. The miRNAs are derived from double stranded precursor molecules which are contained in "miRBase" database. However, due to the piRNA and endo-siRNA populations have been less studied the discrimination of both populations entails certain difficulties. Both piRNA and endosiRNA sequences present structural modifications at their 3´ termini. According to the Illumina protocol used in the present work, the method can target small RNAs with 3´ hydroxyl group as endo-siRNAs have. In fact, Illumina sequencing have been employed to confirm the presence of piRNAs that present 2' and 3´ hydroxyl groups which are characteristics of piRNA sequences [50] .
In order to accomplish piRNA annotation and taking into account the above premises, the sequences which were not annotated as miRNAs were aligned against piRNA homologues retrieved from the "RNAdb 2.0" [51] , a database of mammalian non-coding RNAs, (http://research.imb.uq.edu.au/rnadb/FastaDownloads/default.aspx). The "RNAdb 2.0" contains set of small RNA sequences classified as piRNAs which were obtained after inmunoprecipitation assays using PIWI proteins [41] [42] [43] . The inmunoprecipitation assays were carried out using total RNA isolated from human, rat and mouse testis samples. So the first requirement which we considered to classify a sequence as piRNA, was to present more than 84% of sequence homology with the piRNA sequences contained in "RNAdb 2.0".
However, the sequences identified in the present analysis could contain embryo-specific or gamete-specific piRNA sequences that were not represented in "RNAdb 2.0". It has been reported that both piRNAs and endo-siRNAs can be associated to transposons and other genome repeated sequences (reviewed in [52] [53] [54] [55] ). To test this, we compared the sequences not aligned to "RNAdb 2.0" with the sequences contained in "Deepbase" database (http://deepbase.sysu.edu.cn/download.php), which is one of the major sources of repeat associated RNAs. We can distinguish piRNAs and endo-siRNAs due to their sequence length differences. So, the sequences identified as rasRNAs after "Deepbase" alignment were further divided in two categories: piRNAs and endo-siRNA depending on sequence length, i.e.
sequences annotated as piRNA consisted of more than 24 nucleotides, while endo-siRNA population comprised sequences with a length between 18-24 nucleotides. Finally, piRNA population contained sequences that are homologues to piwi-interacting sequences plus sequences that have more than 24 nt and were associated to genome repeat elements as transposons, pseudogenes, tRNAs or rRNAs.
Small non-coding RNAs of oocytes, sperm and zygotes are mainly derived from processed transcripts of highly repeated sequences present in the genome
Approximately 50% of the total RNA sequences detected in oocytes and zygotes were identified as piRNAs or endo-siRNAs (rasRNA category) ( Table 1) . These sequences encompassed 80% of the total reads detected in oocytes and zygotes, considerably differing from the values observed in spermatozoa, in which case less than 60% of the total reads corresponded to sequences identified as rasRNAs ( Table 1) . Despite of the existing differences detected among the three samples, our data nonetheless strongly suggest that rasRNAs play important roles during gametogenesis and fertilization. Surprisingly, sequences identified as miRNAs represented less than 6% of the total reads obtained from all samples. This data contrasts with a previous analysis reported in echinoderms where the miRNA population reached proportions of up to 60% [56] . At the moment, a detailed analysis of the miRNA from these samples is in progress (manuscript in preparation).
In order to establish the origin and role of the corresponding rasRNAs detected in each sample, we performed a multiple alignment of the rasRNA sequences to repetitive element annotated classes of the mouse genome. The multiple alignments revealed important differences between the spermatozoa versus the oocyte and zygote derived samples (Fig. 1) . While in oocytes and zygotes respectively 72% and 85% of rasRNAs were associated to TEs, in the spermatozoa only 10% of all the rasRNAs detected was found to be associated to TEs (Fig. 1B) .
Most rasRNAs were associated to LINE and LTR sequences in both samples of oocytes and zygotes, while in the spermatozoa sample rasRNAs were for the most part associated to tRNAs and rRNAs (Fig. 1B) . These differences were even more conspicuous when the population of rasRNAs was divided into piRNAs and endo-siRNAs and the same type of analysis was carried out (Fig. 2) . In oocytes and zygotes, endo-siRNAs were primarily associated to LINE and LTRs in contrast to the endo-siRNAs of spermatozoa which displayed heterogeneous associations with different genome elements (Figs. 2D-2F ). In a curious manner, even though sperm piRNAs were also heterogeneously associated with different genome elements (Fig. 2B ), in this case their read distribution was biased to those piRNAs that aligned with rRNAs. Considering the overall biogenesis of piRNAs and endo-siRNAs, these results suggest pronounced activities of LTRs and LINEs during female gametogenesis and in early zygote formation emphasizing the significance that piRNAs and endo-siRNAs hold to prevent the free transposition of TEs.
Overall, 19% (45,145) of the total endo-siRNAs were exclusively detected in one sole cell type and were thus classified as cell specific (see Supplemental Fig. S2 ). In spite of the fact that endo-siRNAs have been previously described as specific of the female germline, we were able to classify up to 71,780 sequences as endo-siRNAs present in spermatozoa, whilst some of them could even be classified as spermatozoa-specific. Of all the spermatozoa specific endosiRNAs detected, one of the most expressed was associated to satellite genomic regions, this endo-siRNA (endo_mmur001237608) showed over 10,000 normalized reads and was concretely associated to one specific type of satellite DNA: GSAT.
Our comparative results suggest that the mechanisms of action controlling genome repeats, mediated by piRNAs and endo-siRNAs, are of a very different nature with regard to the developmental progress of gametogenesis in both sexes as well as to the particular functions carried out by piRNAs or endo-siRNAs. However, the presence of TE-derived endo-siRNAs in spermatozoa suggests that the endo-siRNA regulatory activity controlling transposons is not restricted to the female germline [34, 57] .
Collectively, the alignment results of the rasRNAs sequences to the genome were similar in oocyte and zygote samples. This fact entails a prominent maternal inheritance of piRNAs and endo-siRNAs contributing to transposon mobility regulation in zygotes.
tRNA and rRNA-derived fragments as new classes of PIWI-interacting RNAs or endo-siRNAs
Sequences classified as piRNAs or endo-siRNAs were mapped to the mouse genome.
As results, we identified in all three samples a large group of piRNAs derived from tRNA and rRNA cleavage ( Figs. 2A-2C ). About one third of all piRNA reads detected in gametes of both sexes in addition to 20% of the zygote piRNA reads corresponded to tRNA-derived fragments (also known as tRFs) generated through mature tRNA precursor processing [58] . piRNAs derived from tRNA-Gly and tRNA-Glu were the most abundant in all three sample types (Fig.   3A ). Upon analysis of piRNA sequences derived from tRNAs, we observed a strong bias in their 5´ and 3´ ends (Fig. 3B) . Over 90% of all piRNAs derived from tRNAs had a 3´ end consisting of the nucleotide triplets CCT, CGC, GCC and GGC (Fig. 3B) . Conversely, 5´ ends were mainly represented by CCC and GCA nucleotide triplets (Fig. 3B ). Considering these 5´
and 3´ end biases, it results difficult to argue that piRNAs derived from tRNAs are a mere RNA degradation product [59] . Moreover, the tRNAs-derived piRNAs reported in the present study were of a quite different nature from the tRNA fragments that have been found as result of stress induction [60] , mainly due to differences detected at the 5´and 3´ ends of the piRNA sequences. All together, this suggests that tRNAs-derived piRNAs might encompass specific roles in germ cell development and zygotic activation.
Interestingly, as yet another "unconventional" small RNA with regulatory functions [61] we also found piRNAs and endo-siRNAs generated from rRNA cleavage. This rRNAderived group was particularly abundant in spermatozoa. In sperm cells more than 50% of the total reads of piRNAs and 37% of endo-siRNAs belonged to rasRNAs derived from rRNA sequences. In particular, the highest represented sequence of all samples (CGACTCTTAGCGGTGGATCACTC) annotated as PIR64428 corresponds to the cleavage product of the 5.8S ribosomal RNA (Rs5-8s1). This sequence was detected in over 4 million reads in the spermatozoa sample. The expression profiles of this piRNA sequence along with the expression of other rasRNAs were validated by RT-qPCR (data not shown). At present, we still do not know the possible role of this abundant piRNA.
Maternal and paternal contributions of piRNAs and endo-siRNAs to the zygote.
A comparison of the piRNAs and endo-siRNAs detected in oocytes, spermatozoa and zygotes, allowed to assess the origin of the rasRNAs detected in zygotes.
piRNAs.
By means of bioinformatics approaches, we globally annotated 154,734 different tags as piRNAs. Of these 18% (28,069) were detected in all three samples while 46% (71,914) were only detected in one of the three samples and were thus classified as specific piRNAs. The remaining 36% (54,571) of the piRNAs detected were present in two of the three samples (Fig.   4A ).
The main contribution of maternal piRNAs to the zygote became more evident after undertaking an analysis of the levels of the highest represented tags (≥ 700 normalized reads) predominant in each cell type. By non-supervised hierarchical clustering (Fig. 4A) we detected similar expression patterns in oocytes and zygotes. Nevertheless, the piRNAs associated with
LINEs and LTR transposons increased their expression levels in the zygote with respect to both gamete types (Fig. 4B) , whereas the expression of piRNAs derived from tRNA and rRNA cleavage showed a relative reduction with respect to the rates detected in gametes of both sexes (Fig. 4B ). This suggests that while the piRNAs associated to tRNAs and rRNAs could exhibit specific roles during gametogenesis, the piRNAs related to LINEs and LTRs were mainly activated after fertilization.
The MA-plots which represent expression values from shared tags in the oocyte/zygote and spermatozoa/zygote samples shed light on the dynamic of piRNAs changes as a result of fertilization along with the putative parental contribution (Fig. 4F, D) . Of 48,631 piRNAs shared by oocytes and zygotes, 60% (29,336) showed similar expression levels before and after fertilization (Fig. 4C) . In contrast, 31% increased their expression levels over a twofold in zygotes with respect to the levels detected in oocytes (Fig. 4C ). These after fertilization upregulated piRNAs were mainly associated to LINE and LTR transposons (Fig. 4C ). The preponderance of piRNAs derived from processing of LTR transcripts, suggests an increase of LTR activity shortly after fertilization. Finally, our analysis showed that 14% of the piRNAs decreasing a twofold as a consequence of fertilization were derived from rRNA cleavage (Fig.   4C ).
The paternal piRNA contribution to the zygote can only be assessed by a comparative analysis of the piRNAs detected in spermatozoa and in the zygote but not present in oocyte derived samples. MA-plots indicated that potential piRNAs of paternal origin are quantitatively represented by very low levels as shown by the average expression (normalized reads) detected in shared piRNAs of spermatozoa and zygotes (Fig. 4D) . Furthermore, the number of tags corresponding to such shared piRNA populations was lower (2% of total tags) in comparison to those detected in the oocytes/zygotes (31%) (Fig. 4A ). Of these, 53% (1,517 piRNAs) decreased their expression levels after fertilization, while only 14% (411 piRNAs) were found to be upregulated (Fig. 4D ). These upregulated piRNAs were mainly derived from LINEs, LTRs and SINEs (Fig. 4D ), which agrees with the activation of these types of TEs as has been suggested above. A total of 26% of piRNAs showing lower levels after fertilization corresponded to piRNAs of unknown targets (Fig. 4D ). Most probably, these piRNAs had not been eliminated during spermiogenesis and therefore could have been released into the oocyte at fertilization.
Such putative piRNAs had low read levels in spermatozoa as well as very low read levels in
zygotes. Yet, if these piRNAs had been supplied to the zygote by the sperm cells, they were not amplified in the zygote by ping-pong mechanisms. All together, these results do not exclude the possibility that paternal piRNAs were transmitted to zygotes through sperm cells, but even if so, their contribution does not seem to be functionally significant, at least quantitatively.
Finally, with regard to the specific piRNAs detected in each cell type, in oocytes and zygotes they were mainly associated to SINE, LINE and LTR transposons while in spermatozoa the specific piRNAs were derived from piRNA clusters comprising unknown targets (see Supplemental Fig. S2 ).
endo-siRNAs.
The analysis carried out on endo-siRNA populations classified them in 234,364 tags, of which 34% were shared by the three samples (Fig. 5) . These endo-siRNAs were heterogeneously derived from TE and non-TE sequences (Fig. 5B) . Similar to the results found for the piRNA analysis, we observed that the endo-siRNA expression profiles detected were almost identical in oocytes and zygotes and radically different from the sperm profile. This became evident after undertaking a hierarchical cluster analysis (Fig. 5A ) and upon analysis of the read distribution of shared tags (Fig. 5B) . Furthermore, 99,316 tags (56.3% of the total tags detected), were shared by oocyte and zygote samples (Fig. 5A ). This strongly suggests that the endo-siRNAs detected in zygotes corresponded mainly with a maternal inheritance. For most of the endo-siRNAs identified in zygotes and oocytes an association to LTR transposons was observed. More than 50% of the tags that increased over a twofold in the zygote were LTRassociated. In contrast, endo-siRNAs that showed a relative decrease in their expression after fertilization were predominantly associated to LINEs (Fig. 5C ).
An analysis performed on the endo-siRNAs shared by spermatozoa and zygotes revealed that they only represented 2.4% (5,683) of all the endo-siRNAs detected (Fig. 5A ) and in addition that they were preferentially aligned to LINE and SINE repeats (Fig. 5D ). In agreement with data reported previously [62] , we detected a group of endo-siRNAs derived from SINE B1 that were highly expressed in the zygote. As these endo-siRNAs were not detected in oocytes we therefore proceeded to examine their inheritance potential by paternal contribution. However, at read evaluation of these endo-siRNAs in spermatozoa and zygotes, we considered that the presence of SINE B1-derived endo-siRNAs in zygotes should be attributed to Zygotic Genome Activation (ZGA).
The further analysis of other endo-siRNAs such as those derived from GSAT sequences provided similar conclusions about the limited potential contribution of sperm endo-siRNAs to the zygote. One of the highly expressed endo-siRNAs in sperm (endo_mmur000317426) was also detected in zygotes but not in oocytes. However, its expression level could be considered as residual in zygotes compared to the level observed in spermatozoa (from more than 12,000 normalized reads in spermatozoa compared to 2 normalized reads in zygotes).
Finally, we identified specific endo-siRNAs in samples obtained from spermatozoa, oocytes and zygotes. While the specific endo-siRNAs of oocytes and zygotes were associated to LINE and LTR transposons, the specific endo-siRNAs detected in sperm showed heterogeneous associations with TE and Non-TE sequences (see Supplemental Fig. S2 ).
Functional dynamics and characterization of piRNAs detected in female and male gametes and the zygote.
Initially, according to their biogenesis during spermatogenesis piRNAs were grouped into pachytene and pre-pachytene classes. However, this classification refers to the particular stage of spermatogenesis in which piRNAs have been isolated [63] . Alternatively, due to the presence of piRNAs in somatic cells [64] [65] together with their sequence and genomic location heterogeneity, a more functional classification based on sequence features has been proposed [9, 20, 54, 57, [66] [67] . Attending to sequence features we classified piRNAs in four groups:
primary piRNAs (5U), secondary piRNAs (10A), 5U10A piRNAs and other piRNAs (see Supplemental Fig. S3 ). The primary and secondary groups contain sequences with uridine in the first nucleotide from the 5´ end, and adenine at position 10, respectively. The 5U10A group includes sequences that enclose both features: uridine at the 5´ end, and adenine at position 10.
The group named "other" includes those sequences that contain none of the above features (see Supplemental Fig. S3A, S3B ).
Analyzing the distribution of these four types of piRNAs we found that the oocyte and zygote samples showed a similar distribution pattern. However, in spermatozoa the ratio among the four groups of piRNAs was different (see Supplemental Fig. S3A ). The piRNAs classified as "other" of the sperm sample contained a larger number of sequences (see Supplemental Fig.   S3A ). In contrast, in oocyte and zygote samples, primary and 5U10A piRNAs were found to be predominant. This indicates that the biogenesis of piRNAs varied according to the gamete type in question. The maternally inherited pattern for piRNA biogenesis is maintained in the zygote with a slight increase of both primary and secondary as well as 5U10A groups.
One of the purposes of our study was to evaluate the dynamics of piRNA amplification by the ping-pong cycle in relation to each cell type and as a consequence of the maternal to zygotic transition. For that matter, we first analyzed the rate of primary piRNAs that showed an overlapping and perfect match of the first 10 nt at the 5' end with secondary piRNA sequences (see Supplemental Fig. S3B ). Initially, the quest was performed among primary and secondary piRNA groups because pairing rules of the ping-pong cycle were initially described for piRNAs that presented 5U and 10A sequence features (reviewed in [18] ). Alternatively, despite of the fact that no matching rules have been previously described for both of these types of piRNAs, we asked whether the piRNA included in the 5U10A and "other" groups were also subject to amplification by the ping-pong process. Thus, in order to search for potential pairings, the sequences contained in the 5U10A and "other" groups were matched internally with themselves. Following this criterion and considering all groups together, the piRNAs classified as 5U10A were the most active as to forming ping-pong pairs (see Supplemental Fig. S3C and GEO deposited data), especially in both the oocyte and zygote samples, suggesting that this specific sequence feature could facilitate the amplification process of piRNAs. In spite of the fact that the ping-pong cycle was initially described in Drosophila male germ cells, in this study, we identified more active amplification processes in oocytes and in zygotes than in spermatozoa (see Supplemental Fig. S3C ). Consequently, our results indicate that: a) the amplification based processes of the ping-pong model operate differentially in mouse oocytes, zygotes and spermatozoa; b) piRNAs considered as primary and secondary as well as those classified as 5U10A and "other" could all actively participate in the amplification at a similar level; and c) the piRNAs participating in the ping-pong cycle were not only associated to TEs elements as we also detected piRNAs associated to tRNAs and rRNAs (see "ping-pong analysis" in the corresponding GEO data file).
Finally, to identify potential piRNAs that could be acting as microRNAs, the piRNA sequences without a ping-pong partner were aligned in a reverse complementary manner with those sequences contained in the Mus_musculus.NCBIM37.64 cDNA database. We found that 3%, 2.8% and 5.5% of the sequences with these features were respectively matched to different mRNAs in oocytes, zygotes and spermatozoa. Globally, 657 mRNAs can be identified as potential target to piRNAs distributed amongst the three cell samples, mostly localized on oocytes (Supplemental figure S6) . The identification of target mRNAs suggested the participation of these particular piRNAs in relevant biological functions associated to the germ cell differentiation and fertilization. For example, those piRNAs targeting shared mRNAs between spermatozoa and zygotes but not presented in oocytes could indicates putative piRNAs spermatozoa-specific potentially delivered to the oocyte by fertilization. But from our results, this group of piRNAs targeted only 15 mRNAs, showed low number of reads and no represented relevant ontological pathways involved in early development. Nevertheless, a group of genes with high expression in spermatogenic cells but incompatible with early postzygotic development were potential targets of specific oocyte piRNAs. Among them, the most relevant genes were: Ctcfl (Ctcf like), Tcp11 (T-complex protein 11), Strbp (Spermatid perinuclear RNA-binding protein) and Zscan2 (zinc finger and SCAN domain containing 2). All these genes are specifically expressed in spermatogenesis. In particular, Ctcfl (also named BORIS for brother of the regulator of imprinted sites) is a testis-specific paralog of Ctcf directly involved in the parental imprinting mechanisms, specifically on the paternal imprinting of H19 [68] [69] . The presence in the oocyte of piRNAs that potentially target male specific transcripts might prevent the translation of these mRNAs that could be incompatible with the postzygotic development.
Discussion
A comparative characterization of mouse oocytes, zygotes and sperm cells, based on a large number of small RNAs identified by means of deep sequencing and bioinformatic analysis, has so far not been carried out. This study has allowed us to deepen our insight into the biogenesis of piRNAs and endo-siRNAs, as well as to discern their expression differences in germ cells of both sexes and to quantify their potential contributions to zygote formation.
Studies have revealed that piRNAs are mainly involved in TE silencing, epigenetic modifications and in the development associated to male germ cells [67, [70] [71] [72] . However, their presence has also been reported in oocytes and inclusive in brain tissues [64] [65] [73] [74] [75] . TE mobility control during gametogenesis and zygotic genome activation determines reproductive fitness and embryo viability. Our data strongly suggest that the regulation of TEs during the maternal to zygotic transition relied primarily on the maternally inherited piRNAs and endosiRNAs. Nevertheless, our identification of specific cell type piRNAs and endo-siRNAs suggests that in the transition from oocyte to zygote some maternally inherited rasRNAs are eliminated in the zygote while at the same time some specific piRNAs and endo-siRNAs are expressed after fertilization. The replacement of maternal transcripts by those that are zygotically expressed is a well-known process that although evidenced in the mouse at the 2-cell embryo stage is already initiated in the 1-cell embryo phase (reviewed in [76] ). Our results are in concordance with the results previously obtained by two different analyses of zygotic gene expression which describe that about 20% of the genes detected corresponded to repetitive sequences [77] [78] .
The specific piRNAs and endo-siRNAs we have detected in spermatozoa could be involved in spermatogenesis and remain as a result of spermatozoa differentiation. However, their almost complete absence in the zygote evidenced the limited, if any, transference of these RNAs to the oocyte as a consequence of fertilization. Our comparative study of rasRNA populations has raised doubts about whether stored rasRNAs in the spermatozoa could contribute to the zygote as result of fertilization or on the contrary they consist of sheer remnant products of piRNA degradation that occurs during spermiogenesis as has been recently reported [79] . That is, from the 48,978 sperm specific piRNAs detected, the alignment to the genome showed that 75% of these piRNAs corresponded to unknown targets similar to those previously reported in a pachytene piRNA population (reviewed in [18] ).
As shown in Supplemental Figure S3A in Additional data file 1, the main group of piRNA detected in spermatozoa lacks any ping-pong signatures and was therefore classified as "other" piRNAs. The alignment of these sequences to the genome showed that the majority of tags that we classified as "other" piRNAs were derived from tRNA and rRNA molecules (see Supplemental Fig. S4 ). This high amount of processing of tRNA and rRNA as a source of piRNAs has so far not been reported. One of the key features of piRNAs is their interaction with PIWI proteins [6, [80] [81] [82] . We have identified as potential piRNAs those rasRNAs showing at least 84% identity with sequences contained in the piRNA database. Since sequences included in the piRNA database have been isolated using immunoprecipitation assays with PIWI proteins [41] [42] [83] [84] , the tRNA derived fragments (tRFs) [58] and the rRNA derived fragments could be considered as a subtype of the PIWI interacting RNAs. In this sense, it has been previously proposed that tRFs are involved in transposon silencing, based on the complementary nature of their 3' end [59, 85] . However, this could possibly not be the sole role of tRFs. It has also been suggested that the tRFs possess a role in translation inhibition and could even target certain mRNAs for degradation [86] .
Despite of their relative abundance in the three cell types studied here (Fig. 2) , the particular role of piRNAs derived from tRNAs and rRNAs is at present unknown during gametogenesis and early development. Presence of tRNAs and rRNAs in sperm nuclei has been previously reported [87] . In the present study, the most abundant tag detected in spermatozoa consisted of a piRNA derived from 5.8S rRNA: Rs5-8s1 cleavage. The 5.8S rRNA subunit participates in the ribosome translocation binding to ribosome-associated tRNA, in vitro studies have suggested that it retains an essential role in protein synthesis [88] . Altogether, our findings suggest an additional potential role of these piRNAs with regard to translation regulation through interaction with the translation machinery elements.
The substitution of maternally inherited mRNAs by newly formed zygotic transcripts implies a maternal mRNA cleavage [89] [90] [91] [92] . In zebrafish, miRNAs participate in such maternal mRNA decay [93] . However, in mouse, miRNA activity seems to decrease after fertilization [94] [95] [96] . With the loss of activity of miRNAs, the partaking of tRFs in connection with maternal mRNA clearance could be crucial during the early stages of embryonic development. In fact, the overexpression of tRFs induces a decrease of both abundance and activity of the miRNAs [97] [98] .
Recently, the piRNA pathway has been also involved in mRNA decay [99] [100] . In that sense, the piRNAs identified in the oocyte as potential regulators of male specific transcripts could be a safeguard system developed in the female germ cells to protect the early embryo of potential deleterious effect from male mRNAs. For instance, the putative presence in the zygote of functional Ctcfl/Boris mRNA, involved in the paternal imprinting of H19 [68] [69] could alter the maternal imprinting programme of the reciprocal imprinting locus H19/Igf2 with aberrant developmental consequences. In D. melanogaster piRNAs expressed in early embryo can act over dual target types of RNAs (TEs and protein-coding RNAs) [100] . In general, the primary mechanisms of action of piRNAs are not an impediment to such potential duality. In fact, a crosstalk between different pathways of miRNAs, endo-siRNAs and piRNAs has been suggested [101] . In that sense, depletion of DICER and DROSHA proteins affects to rRNA processing and, in particular, 5.8s rRNA precursors were accumulated in cells depleted of such proteins [102] . Considering this crosstalk, it is tempting to speculate that these diverse types of small non-protein-coding RNAs could participate in shared functions.
Our analysis has evidenced that the expression patterns of both piRNAs and endosiRNAs consisted of almost identical profiles in oocytes and zygotes which in turn resulted radically different to the rasRNAs populations detected in spermatozoa. The preponderance in spermatozoa of piRNAs derived from non-TEs agrees with a recent analysis of piRNA identified after MIWI and MILI immunoprecipitation in prepuberal and adult testis of mice.
Interestingly, the piRNA derived from non-TE elements significantly increased from prepuberal testis (absence of mature sperm cells) to adult testis (highly abundant in mature sperm cells) [103] , hence suggesting that our data focused on the final stage of cell differentiation in spermatozoa which in turn could represent the final fate of these small RNAs during spermatogenesis. Nonetheless, our results do not support the total absence of ping-pong mechanisms during spermatogenesis, the deep sequence analysis of more than 200.000 piRNA sequences in sperm cells indicates a high level of molecules potentially involved in ping-pong mechanisms. Moreover, our data suggests that this amplification process could contemplate in addition to transposon mobility defense mechanisms also other possible piRNA-associated regulatory functions.
Specific endo-siRNA expression in female germ cells has been previously suggested [57, 75] . Many studies have so far identified different types of RNAs localized in sperm [104] .
However, the presence of endo-siRNAs in male germ cells has not been previously described.
As a very relevant fact, in this study we have identified endo-siRNAs in sperm corresponding to satellite DNA sequences, concretely GSAT ( Fig. 2E and Supplemental Fig. S2 ). Such specificity suggests a potential role of these endo-siRNAs with regard to spermatogenesis due to the nature of satellite DNA in relation to the particular organization of sperm chromatin.
piRNA and endo-siRNA biogenesis.
The ping-pong mechanism has been established as an efficient mechanism to amplify piRNAs in Drosophila and silkworm [9, [105] [106] . In this study, we have observed ping-pong signatures present in piRNA populations of female and male gametes as well as in zygotes (see Supplemental Fig. S3C and GEO deposited data). However, our results indicate that the pingpong model-based amplification process could be considered as a wider mechanism of rasRNA regulation which is not only restricted to defend genome integrity of germ and stem cells from TEs. Nevertheless, the starting point of primary piRNAs to generate secondary piRNAs could not be followed uniquely by the amplification process. Moreover, the existence of "degenerated pairing" (one primary piRNA sequence could potentially have several secondary piRNA partners), also points towards a potential amplification by multiple targets. 
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